A B S T R A C T Phagocytosis by rabbit alveolar macrophages (AM) is accompanied by increases in 02 consumption, glucose oxidation, and H202 formation. Two aspects of the interrelations between these metabolic features of phagocytosis have been studied.
INTRODUCTION
Rabbit alveolar macrophages (AM) increase Qo2, H202 levels, and 14CO2 production from labeled glucose during phagocytosis (2, 3) . These responses show some similarities to those described in the polymorphonuclear leu-responsible for H202 generation have been sought. In this connection, it is known that the AM are critically dependent on oxidative phosphorylation. In the AM, Qo2 and glucose oxidation (2, 15, 16) , ATP concentrations (16) , cell viability, and particle entry (2, 16) are readily diminished by inhibitors of oxidative phosphorylation. However, while it is likely that much of the 02 consumption is mediated by the numerous mitochondria present in the AM (17) , it has been previously demonstrated that H202 formation occurs in resting AM and is stimulated by phagocytosis in a quantitatively similar manner to that observed in the PMN (3) . We assayed three of the aforementioned oxidases; in the previous paper (3) , it was shown that AM contain no demonstrable myeloperoxidase activity, thus excluding this enzyme from consideration. METHODS Alveolar macrophages. The AM were harvested in Krebs-Ringer phosphate solution (KRPS) containing 5.5 mM glucose as described in the previous paper (3) .
Glutathione reductase. Whole cell lysates were prepared by freezing (dry ice-acetone) and thawing (370C) three times a suspension of AM in KRPS (20-30 X 106 cells/ml).
The enzyme activity of the lysate was assayed by following the oxidation of NADPH at 340 mA in a Cary Model 14 spectrophotometer (18) . To a 1.5 ml quartz cuvette were added 0.68 ml of 0.067 M phosphate buffer, pH 6.6, 0.03 ml of 12 mM NADPH, and 0.1 ml of 7.5 mm GSSG. The reaction was started by the addition of 0.2 ml of lysate and the change in absorbancy was followed for 5 min. 1 U of activity was defined as 0.1 m~tmole of NADPH oxidized/min per 106 cells. Glutathione peroxidase. Lysates were prepared as described for glutathione reductase. The enzyme was assayed by the method of Paglia and Valentine (19) . The cuvette contained 0.85 ml of the 0.067 M phosphate buffer, pH 7.0, containing 5 mM EDTA, 0.015 ml of 12 mM NADPH, 0.01 ml GSSG reductase, 0.01 ml of 1.125 M sodium azide or 0.01 ml of 0.04 M KCN, 0.05 ml of 0.02 M GSH, and 0.05 ml of lysate. The reaction was initiated by the addition of 0.01 ml of 0.022 M H202 and the change in absorbancy was followed at 340 mu for 5 min. The change in absorbancy/min (AOD/min) was corrected for nonenzymatic oxidation by measuring the AOD in a cuvette containing water in the place of the lysate. Nonenzymatic oxidation of GSH by H202 was the same whether water or heated lysate was used. The glutathione peroxidase activity was proportional to the protein concentration of the lysate. 14CO, production from glucose-'4C and formate 1"C. "CO2 production from labeled substrates using whole cells was measured as described in the previous paper (3) . The effects of NADP and GSSG (Table III) , an H202-generating system (Table IV) , and of NADP and/or NEM (Table IX) on "CO2 production from glucose-l-`C were determined using cell homogenates. The AM were homogenized in KRPS (20 Low molecular weight thiols. Lysates of AM were prepared by freezing (dry ice-acetone bath) and thawing (370C water bath, 5 min) three times, suspensions of AM (at least 30 X 106 cells) in 1 ml of KRPS containing 1.6 mM EDTA. Three methods of deproteinization of the lysates were examined to determine optimal recovery of GSH: (a) heating for 5 min in a boiling water bath followed by cooling in ice, (b) 2% metaphosphoric acid (MPA) final concentration and neutralization of the supernatant fluid with KOH to pH 6.8, and (c) 5%o trichloroacetic acid (TCA) final concentration followed by ether extraction until the pH value of the aqueous phase was > 2. Values obtained for the GSH content of extracts of AM, or of extracts to which exogenous GSH was added, by the three methods of deproteinization were in the order heat > TCA > MPA. All values reported were determined on the supernatant fluid obtained after centrifugation of the heat-treated, freeze-thawed extracts for 10 min at 12,1000 g in a Sorvall RC-2 centrifuge.
Total low molecular weight thiols were determined by the nitroprusside method as described by Beutler (24) .
Absorbancy values were compared to those obtained with GSH as a standard. Reduced and oxidized glutathione (GSH and GSSG) were determined enzymatically with glyoxalase I and GSSG-reductase, respectively, as described by Klotzsch and Bergmeyer (25) . The volumes of added reagents were proportionately decreased to permit the determination with 0.2 ml of extract in a total reaction volume of 1.0 ml. Recovery of standard GSH and GSSG added to AM extracts ranged from 90 to 110%.
Qualitative identification of thiol compounds in AM extracts was carried out by chromatography on Chrom-AR 500 sheets of silicic acid-impregnated glass fiber with npropanol: water, 80: 20 as solvent. Thiols were detected by a nitroprusside spray reagent described by Toennies and Kolb (26) . R, values of the thiol components in the extract were compared with those of commercial cysteine, GSH, and ergothioneine.
Materials RESULTS Enzyme activities. The activities of a number of enzymes suggested by the considerations previously outlined in the introduction are indicated in Table I . The data indicate the vigorous activity of glutathione reductase and peroxidase. The activities of the reductase and peroxidase were, respectively, 25 and 200 times more than their activities measured in the rabbit red Table I . These are glucose-6-phosphate dehydrogenase and NADPH-NAD transhydrogenase. The activity of the transhydrogenase was shown to be 2-3 times greater in rabbit AM than in human leukocytes (20) . Three possible H202-generating oxidases were sought. No direct oxidation of NADH or NADPH by a cyanide-insensitive NADH or NADPH oxidase could be detected. Initial attempts to measure these oxidases were patterned after the spectrophotometric method employed by Cagan and Karnovsky (7) except that 0.16 mm pyridine nucleotides were employed. No activity was detectable spectrophotometrically. Therefore a number of experiments were conducted employing a Clark oxygen electrode (9) which permitted the addition of higher levels of both substrate (0.6 mmole/liter and AM homogenate (up to 1 X 108 cells). No oxygen uptake was observed in the presence of cyanide when either NADH or NADPH was added to homogenates prepared from resting, phagocytosing, or saponintreated AM. However, there was definite 1-amino acid oxidase activity employing D-alanine as substrate (Table  I) .
Low molecular weight thiols. In view of the presence of glutathione-dependent enzyme activities, the content of low molecular weight thiol-containing compounds in the AM was measured. The values obtained, expressed as mnmoles per million cells, for total thiol, GSH, and GSSG are shown in Table II . The difference between the values reported for total thiol and GSH was determined qualitatively to be due to cysteine by chromatography on Chrom-AR 500 silicic acid-impregnated glass fibre. The absence of detectable ergothioneine on the chromatograms of the extracts of AM can be taken as an indication of minimal contamination of the AM preparations by red cells (27) .
Relationship of glutathione and HIOx to glucose metabolism. The existence of a glutathione system capable Glutathione-Dependent Peroxidative Metabolism in Alveolar Macrophages (10) Total glutathione 6.64 ±0.50 (10) (GSH + 2 X GSSG) * Numbers in parentheses are the number of determinations.
of utilizing H202 to oxidize NADPH suggests that the levels of both GSSG and H202 might regulate the hexose monophosphate shunt since the latter is controlled by the availability of NADP (28, 29) . The effects of the addition of NADP and/or GSSG on "CO2 production from glucose-1-"C were measured in AM homogenates. The data indicate (Table III) that NADP alone causes a 62% (P < 0.01) increase in "CO2 production while GSSG alone causes an insignificant increase. However, GSSG in the presence of NADP causes a further rise in glucose-1-"C oxidation from 162 to 260%
(P < 0.01). Cysteine alone or in the presence of NADP had no effect. The effects of H202 on "4CO2 production from glucose-1-"C were studied employing DL-alanine and purified D-amino acid oxidase (DAAO) as an H202 generating system. The results, Table IV, indicate that, while neither the oxidase nor alanine alone affect C02 production, their combination stimulates C02 production nearly fivefold (P < 0.001). This increase is inhibited by NEM (P <0.001), suggesting a role for a thiol-containing substance.
Other experiments in which the pyruvate produced from D-alanine by this preparation of DAAO was $ n, number of experiments. measured as the 2,4-dinitrophenylhydrazone by the "direct" method of Friedman and Haugen (30) showed no inhibition by concentrations of NEM up to 0.5 mmole/liter. Thus, the observed inhibition by NEM of "4CO2 production from glucose-1-"C by AM homogenates in the presence of DL-alanine and DAAO cannot be ascribed to an inhibition of DAAO.
Glucose oxidation and GSH levels during phagocytosis. The preceding evidence indicates that the H202-stimulated oxidation of glucose-1-"C can be mediated by the glutathione reductase and peroxidase enzyme systems. The next studies were designed to determine whether this sequence occurs in the intact AM during phagocytosis. The levels of GSH were measured in extracts of AM after incubation for various periods of time (2, 5, 15 , and 60 min) in the presence of test particles (S. albus or latex). Reproducible significant differences between the levels of GSH in extracts of resting and phagocytosing AM were not observed. We therefore employed the cell-penetrating thiol inhibitor, NEM, which is known to bind intracellular GSH (31) .
The effects of increasing concentrations of NEM on GSH levels and glucose oxidation were examined. These data indicate a progressive fall in GSH levels in resting AM (Fig. 1) as the NEM concentration were increased. At any given NEM concentration, there were no significant differences between intracellular GSH content in resting and phagocytosing AM as indicated by Fig. 1 . The control values (no NEM present) for GSH in the AM in the presence or absence of killed S. albus were lower than the level reported in Table II . In these experiments, which were designed for correlation with the data on 'CO2 production from glucose-"C, the incubation volume was 4 ml (approximately 7.5 million cells/ml). After the incubation, the indicate SEM. Incubation conditions were the same as those for "CO2 production from glucose-"C, total volume, 4 ml. After incubation, the cells were sedimented, and resuspended in 1 ml of 0.10 M phosphate, pH 6.8 and GSH determined as described in Methods.
AM were reisolated by centrifugation and resuspended in 1 ml before GSH assay. In experiments not reported here, the difference in levels of GSH in the AM (cf .  Table II and Fig. 1 ) could be accounted for by leakage of both GSH (up to 36% of total) and GSSG (5%) from the cells into the supernatant fluid. In this respect, AM differ from red cells since Srivasta and Beutler (32) have shown that only GSSG is transported out of red cells. The effects of NEM on "CO2 production from labeled glucose are shown in Fig. 2 . There are striking diminutions in the "CO2 production from both forms of labeled glucose in phagocytosing AM. This contrasts with the effects of NEM on resting
AM where 'CO2 production from glucose-1-"C is virtually unaffected while there is a diminution of 'CO2
formation from glucose-6-C. The inhibition of glucose oxidation by NEM during phagocytosis may have been due to the specific binding of intracellular GSH, the inhibition of thiol-containing enzymes of the glutathione enzyme system, or to nonspecific binding to any or all of the other thiol-containing cellular proteins.
Evidence supporting the first possibility has been presented in Fig. 1 . The activities of GSH peroxidase and GSSG reductase in the presence of the same range of NEM concentration are shown in Fig. 3 , which in-GLUCOSE -6-1C NEM mmoles x 102 FIGURE 3 GSSG reductase and GSH peroxidase inhibition by NEM. AM were incubated in KRPS in the presence and absence of the indicated concentrations of NEM for 1 hr at 370C. The suspensions were centrifuged at. 1085 g for 10 min in the SS34 rotor of a Sorvall centrifuge. After the centrifuge tubes were drained, 1 ml of 0.067 M phosphate buffer pH 7 was added. Cell lysis and enzyme determinations were performed as indicated in Methods. Average of three determinations, vertical bars indicate SEM. dicates that both enzymes are inhibited 50% by preincubation of intact AM in the presence of 0.03-0.035 mM NEM.
Further experiments were designed to assess the relative importance of the other thiol groups, e.g., those in the cell membrane and in enzymes not involved in the glutathione system. First, the effect of a blockade of cell membrane thiol groups by the nonpenetrating inhibitor, p-chloromer-GLUCOSE-1-14C curibenzene sulphonic acid (pCMBS), on GSH levels and '4CO2 production from glucose were measured. These results (Fig. 4) indicated a different response to that produced by NEM. Glucose conversion to C02 was diminished only at concentrations of pCMBS (0.15 mmole/liter or above) which also produced considerable reduction in cell viability, as judged by rapid staining by eosin. The intracellular GSH content of resting AM was unaffected by pCMBS in concentrations below 0.1 mmole/liter: Thus, binding of external membrane thiol groups does not appear responsible for the effect of NEM on glucose oxidation.
Second, the effects of the two thiol inhibitors on particle entry were assessed, since diminished particle entry could explain the decrease in glucose oxidation. While these measurements (Table V) are only semiquantitative, they showed no major impairment of particle entry in the presence of either pCMBS or NEM at concentrations below 0.15 mmole/liter.
Third, NEM might interfere with H202 production in the face of normal particle entry. However, NEM did not affect the catalase-dependent H202 metabolism (Table VI) as judged by 14CO2 production from labeled formate (3) even at an NEM concentration (0.1 mmole/ liter) in excess of that which diminished glucose oxidation. Further, employing the catalase inhibitor aminotriazole (AT), it is possible to demonstrate that NEM increases the concentration of H202 in the intact AM. The data in Table VII to be due to an increase in the fraction of total catalase existing as catalase: H202 compound 1 as opposed to free catalase (3, 33) . Finally, the possibility that NEM might inhibit some enzyme(s) directly involved in glucose oxidation, e.g., glucose-6-phosphate dehydrogenase (34), was considered. However, the stimulatory action of menadiol diphosphate on '4CO2 production from glucose-1-'4C by intact AM was unimpaired by 0.1 mm NEM (Table  VIII) . Since menadiol acts as an electron acceptor for the oxidation of reduced pyridine nucleotides, the effectiveness of menadiol in the presence of these concentrations of NEM suggests that the glutathione system is more critically affected by NEM than are the enzymes involved in glucose oxidation. Further evidence supporting the glutathione system as an important site of action of NEM is presented in Table IX . While NEM produced a substantial inhibition of glucose oxidation by AM homogenates, partial to complete reversal of this inhibition can be effected by increasing NADP concentration.
DISCUSSION
The metabolic responses by rabbit AM during phagocytosis include increases in Qo2, in "4CO2 production from labeled glucose (2, 3), and increased H202 formation (3) . As indicated in the introduction, the AM are virtually obligatory aerobes and a major fraction of their resting Qo2 is cytochrome dependent (2, 15, 16 ). However it is equally clear that H202 is formed by resting and phagocytosing AM (3). The extreme sensitivity of the AM to inhibitors of oxidative phosphorylation limits studies of the metabolic responses to phagocytosis in the presence of such inhibitors, including cyanide. We have therefore approached peroxidative metabolism in the AM by direct measurements of the systems potentially involved. 50 cells were examined in two sets of paired experiments for each inhibitor. pCMBS = p-chloromercuribenzene sulfonate (0.1 mmole/liter), NEM = N-ethylmaleimide (0.08 mmole/ liter), bacteria to cell ratio 25:1. Glutathione system. The presence of GSH, GSH peroxidase, and GSSG reductase in the AM suggest that the pathways linking noncytochrome oxygen uptake, H202 production, and glucose oxidation take the form indicated in Fig. 5 . This scheme is similar to that originally proposed by Reed (12) for rat PMN. Further evidence for the proposal derives from the potentiation by GSSG of NADP-stimulated glucose conversion to C02 (Table III) . The scheme is consistent with the effects of an H202-generating system on glucose oxidation and the inhibition of H202-stimulated CO2 production from glucose by NEM (Table IV) . Further, the specific activities of GSH peroxidase and GSSG reductase (20 and 2.6 mscmoles/min per 106 cells) are sufficiently high to explain the noncytochrome 02 uptake since they are compatible with the total rates of oxygen uptake and "CO2 production from Ci-and Ce-labeled glucose (2. The evidence that the GSH system exists and that it can quantitatively explain these metabolic responses is clear. The direct demonstration of an obligatory requirement for the system is less secure since binding of GSH or the SH groups of the enzymes of the glutathione system in an entirely specific fashion is not possible. The observations that NEM diminishes the "4CO2 production from labeled glucose without either gross effects on particle entry (Table V) or diminution of catalase-dependent H202 metabolism (Tables VI and VII) is con- sistent with the glutathione system serving as a shuttle between phagocytosis-stimulated H202 production and NADPH-regulated C02 production from glucose.
As indicated earlier, other possible explanations for the action(s) of NEM have been considered. First, an action of NEM on external membrane SH groups seems excluded by the dissimilarity between the effects of NEM and pCMBS on glucose metabolism. Second, NEM is known to inhibit the sulfhydryl-containing enzyme glucose-6-phosphate dehydrogenase (34) . Therefore, the possibility that NEM partially inhibits glucose oxidation enzymes and so accounts for the inhibition by NEM of 14CO2 production from labeled glucose (Fig. 2) remains a real one, particularly at NEM concentrations of 0.1 mmole/liter or above. However, there are several reasons for ascribing the major effects on glucose oxidation to inhibition of the glutathione system by NEM, particularly at concentrations of < 0.1 mmole/liter. 60% of GSH is bound at 0.08 mm NEM (Fig. 1) . GSSG reductase is 80% inhibited at 0.08 mmole/liter and GSH peroxidase is completely inhibited at 0.04-0.06 mM NEM (Fig. 3) . These effects of NEM on the glutathione system, particularly on GSH peroxidase, should be contrasted with the reversibility of the NEM inhibition of '4CO2 production from glucose-1-"4C by procedures which increase the NADP: NADPH ratio. In the intact AM, the artificial electron acceptor, menadiol, stimulates glucose oxidation equally in the presence or absence of 0.1 mM NEM (Table VIII) . In the AM homogenate, NADP additions can partially or completely reverse the inhibition of glucose oxidation by 0.1 mm NEM (Table IX). Thus, while a complete analysis of the factors controlling the pentose shunt and glycolysis in the AM is beyond the scope of this paper, our studies provide evidence first that the glutathione system exerts an important influence on glucose oxidation and second that NEM exerts a major effect on the glutathione system at concentrations below 0.1 mmole/liter. The hypothetical scheme presented in Fig. 5 seems justified by the foregoing evidence. It is similar to H202 utilization pathways described in PMN (12) (13) (14) with the exception that GSH peroxidase activity could not be detected by Baehner, Gilman, and Karnovsky (14) . However, the latter authors do report a rapid nonenzymatic oxidation of GSH by H202. The scheme also has analogies with red cells (34) , liver (35) , and thyroid tissue (36) . A number of additional comments are relevant. First, the relative importance of glutathione-and catalase-dependent H202 metabolism (3) is uncertain but the latter, as judged by formate oxidation (3) (4) (5) (6) . However, the rabbit AM responds to phagocytosis with smaller pari passu increases in "CO2 production from both glucose-1-"C and glucose-6-"C (2, 3). These differences may derive from the combination of a pyridine nucleotide transhydrogenase (Table I) The present studies provide some limited information on the source of H202. D-Amino acid oxidase activity has been demonstrated with D-alanine as substrate. The potential role of this enzyme as an antibacterial agent has recently been suggested by Cline and Lehrer (11) who also indicate the difficulties of ascribing all phagocytosis-stimulated H202 formation to this enzyme in view of its specificity for D-isomers. This difficulty is accentuated by the fact that both Qo2 and glucose oxidation increase during the phagocytosis of latex particles by AM.' In spite of the use of a wide range of experimental conditions no cyanide-insensitive pyridine nucleotide oxidase activity could be detected.
Significance of the glutathione system. The potential role of glutathione as either an anti-oxidant or a prooxidant, depending on the experimental conditions, has been discussed for many years and recently reviewed (38, 39) . Our data indicate the role of the glutathione system as an intracellular anti-oxidant with respect to H202 especially during phagocytosis. It is reasonable to suggest the possibility that glutathione serves a more general anti-oxidant role in protecting the AM, a cell of critical importance in the pulmonary response to inhaled particles including microorganisms (40) . This hypothesis is suggested by the two main considerations. First, radiation, ozone, high 02 tensions (38, 39) , and nitrogen dioxide (41) all generate highly injurious lipid peroxides, which, inter alia, diminish lysozomal stability (42).
2Vogt, M., R. E. Basford, and J. B. L. Gee. Unpublished observations. Second, the AM possess vigorous GSH peroxidase activity and this enzyme can detoxify lipid peroxides in other biologic systems (43, 44) .
